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ABSTRACT 

A new molecular s ieve adsorpt ion process i s  being developed f o r  removal and 
recove ry  o f  s u l f u r  d iox ide  from canbustion gases. Desi rab le fea tu res  o f  t h e  
process inc lude:  

0 SO accunulat ion i s  e f f i c i e n t  a t  temperatures ranging from 50'C t o  
>860°C, a t  pressures ranging fran 1 t o  30 atmospheres, and a t  SO, con- 
cen t ra t i ons  ranging from 500 ppm t o  100%. 

0 Rates o f  adsorption are high, bed depth requirements are low, and back 
pressures are n e g l i g i b l e .  

0 Su l fu r  d iox ide  i s  s e l e c t i v e l y  adsorbed i n  the  presence o f  major and 
t r a c e  cons t i t uen ts  o f  combustion gases. 

0 Pre l im ina ry  evaluat ion i n d i c a t e  the  process w i l l  be compe t i t i ve  i n  cos ts  
w i t h  wet-lime scrubbing, bu t  a lso i t  w i l l  be app l i cab le  t o  hot  combus- 
t i o n  gases t h a t  cannot be desu l fu r i zed  b y  e x i s t i n g  methods. 

INTRODUCTION 

Well-establ ished, e f f e c t i v e ,  b u t  c o s t l y  processes e x i s t  f o r  f l u e  gas desul -  
f u r i z a t i o n .  I n s t a l l a t i o n  o f  wet- l ime scrubbers on new coal- f i r e d  e l e c t r i c  
p l a n t s  c o n t r i b u t e  about 15% t o  cons t ruc t i on  cos ts  and consune about 4% o f  energy 
i n p u t s  t o  the  p l a n t  (1).  Less expensive a l t e r n a t i v e s  are des i rab le,  b u t  because 
o f  t he  h igh  cost involved, o n l y  well-proven techniques are considered f o r  f l u e  
gas desul f u r i z a t i o n .  

than s t e m  p lan ts  (2 ) .  
ing tu rb ines  i s  needed t o  prolong t u r b i n e  l i f e  as wel l  as t o  meet e n v i r o m e n t a l  
requirements. V iab le processes do not  e x i s t  f o r  removal o f  s u l f u r  d i o x i d e  from 
gases a t  temperatures greater  than 1OOO'F (550'C) and a t  pressures g rea te r  t han  
10 atmospheres. 

d i o x i d e  could be removed from f l u e  gases and recovered using molecular  sieve 
adsorbents ( 3 ,  4 ) .  Union Carbide subsequently developed and comnercial ized a 
process c a l l e d  Purasieve S which used molecular sieves f o r  recover ing s u l f u r  
d iox ide  from gas s t reans (5 ) .  A t  temperatures o f  f l u e  gases (100'-200°C) t h e  
molecular s ieve processes Were e f f e c t i v e ,  c a p i t a l  and operat ing costs  Were low, 
and h i g h - p u r i t y  s u l f u r  d iox ide  was recovered as a by-product. 
processes Were no t  accepted. A t t r i t i o n  r a t e s  f o r  the r e l a t i v e l y  c o s t l y  molecu- 
l a r  sieves were too high. 
agents i n  the  gas streans. 

I n  1978, Flanigan and co-workers a t  Union Carbide developed a new type o f  
molecular  s ieve now know as s i 1  i c a l  i t e  (6) .  
s i l i c o n  d iox ide.  It i s  r e s i s t a n t  t o  co r ros i ve  agents except f o r  h y d r o f l u o r i c  
ac id  and strong a l k a l i s  and i s  s t a b l e  t o  temperatures i n  excess o f  1OOO'C ( 7 ) .  

I n i t i a l  s tud ies performed a t  t he  Anes Laboratory  proved t h a t  s u l f u r  d i o x i d e  
was s e l e c t i v e l y  and q u a n t i t a t i v e l y  adsorbed from stack gases and syn the t i c  s tack 
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D i r e c t  c o a l - f i r e d  gas t u r b i n e s  can produce e l e c t r i c i t y  more econan ica l l y  
Cleanup o f  high-temperature, high- pressure gases enter-  

During the 1960's. the U. S. Bureau o f  Mines demonstrated t h a t  s u l f u r  

However, t h e  

Their a lun ina skeletons were degraded b y  c o r r o s i v e  

Si1 i c a l  i t e  i s  composed o f  pure 



gases on s i l i c a l i t e  (7, 8). The e f fec t i veness  combined w i t h  the  s t a b i l i t y  o f  
s i 1  i c a l  i t e  suggested u t i 1  i t y  f o r  combustion gas d e s u l f u r i z a t i o n .  

The ob jec t i ves  o f  t h e  present work a t  t he  Pmes Laboratory  are aimed towards 
h o t  gas cleanup. Studies being performed inc lude  the fo l l ow ing  areas: 

Evaluat ing t h e  adsorpt ion p roper t i es ;  
Determining i f  t r a c e  gases a re  adsorbed; 
E luc ida t i ng  cond i t i ons  under which adsorbed s u l f u r  d iox ide  i s  converted, 
i n - s i t u ,  t o  s u l f u r  t r i o x i d e ;  
Determining e f f i c i e n t  cond i t i ons  f o r  regenerat ion o f  s i l i c a l i t e  and r e -  
covery of SO ; 
Evaluat ing t d e  econanic f e a s i b i l i t y  o f  t h e  o v e r a l l  process. 

EXPERIMENTAL 

Adsorbent and Gases - A g ranu la r  molecular sieve, designated as S-115, was ob- 
ta ined  from Union Carbide Corporation and used i n  a l l  s tud ies.  Pure gases and 
syn the t i c  s tack gases were obtained f r a n  Matheson. 

Adsorption S tud ies  - The apparatus used i n  adsorpt ion experiments i s  depic ted i n  
F igu re  1. 
t a i n  the des i red SO, concentrat ion.  The gas i s  preheated t o  t h e  des i red temper- 
a t u r e  and passed through an adsorpt ion bed. A t  temperatures below 650'C, t h e  
adsorbent i s  r e t a i n e d  i n  s t a i n l e b  s tee l  t ub ing  and adsorpt ion pressures are 
c o n t r o l l e d  b y  a r e g u l a t o r  a t  t& bed end. A t  temperatures g rea te r  than 650'C, 
t h e  adsorbent i s  r e t a i n e d  i n  quar tz  tub ing  and o n l y  low pressures (1 atmosphere) 
a r e  used. E f f l u e n t s  from the bed pass through a 10-an f l ow  c e l l  i n  a U.V. 
spectrophotaneter (Varian, Cary D-219), and SO, concentrat ions are con t inuous ly  
monitored based upon absorbance a t  284 rm. 

Breakthrough Curves - Adsorption s tud ies  r e s u l t  i n  breakthrough curves as de- 
p i c t e d  i n  F igure 2. 
f l u e n t  gases vs. volune o f  gas passing through an adsorpt ion bed i s  performed 
us ing  establ ished techniques (9, 10). Data obtained are: c a p a c i t y  - t h e  m o u n t  
o f  s u l f u r  d i o x i d e  accunulated per g r m  o f  s i l i c a l i t e ;  adsorpt ion r a t e ;  and m in i -  
m u n  bed depth - the bed depth requ i red  f o r  e f f i c i e n t  adsorption. 

Adsorption Capacity - Pdsorpt ion capac i t y  determined f r a n  breakthrough curves i s  
confirmed by determin ing t h e  t o t a l  s u l f u r  content  o f  spent s i l i c a l i t e  using a 
t o t a l  s u l f u r  analyzer (F i she r ) .  

Desorption o f  S u l f u r  D iox ide  - Condit ions f o r  desorpt ion o f  s u l f u r  d iox ide  were 
determined b y  thermograv imetr ic  analys is  ( T M )  o f  spent s i l i c a l i t e .  An a1 iquot  
o f  spent s i l i c a l i t e  was placed i n  a thermal analys is  u n i t  (DuPont) and weight 
was measured vs. temperature under a c o n t r o l l e d  atmosphere. I n  addi t ion,  stud- 
i e s  were performed us ing  a t o t a l  s u l f u r  analyzer i n  which s u l f u r  d iox ide  evolu- 
t i o n  was determined a t  d i s c r e t e  temperatures. 

A s y n t h e t i c  s tack gas a t  h igh  pressure i s  mixed w i t h  n i t rogen  t o  ob- 

I n t e r p r e t a t i o n  o f  these p l o t s  o f  SO, concentrat ions i n  e f -  

RESULTS AND DISCUSSION 

Adsorption Parameters. 
temperature i s  g iven i n  F igure 3. 
s u l f u r  d i o x i d e  accunulated decreases as temperature increases. This i s  ex- 
pected. Above 350°C. however, t h e r e  i s  an increase i n  capaci ty .  This i nd i ca tes  
a change i n  adsorbent s t r u c t u r e  o r  a d i f f e r e n t  adsorpt ion mechanism, perhaps 
chemisorption. 

The capac i t y  o f  s i 1  i c a l i t e  as a f u n c t i o n  o f  adsorpt ion 
As can be seen, below -350'C. the moun t  o f  

X-ray d i f f r a c t i o n  analys is  and Four ier  Transform I n f r a r e d  
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Spectroscopic s tud ies o f  spent s i 1  i c a l i t e  reveal  no evidence o f  chen iso rp t i on  o r  
o f  s t r u c t u r a l  changes. 
has not yet  been determined. 
pe ra tu re  adsorption, t h e  f a c t  t h a t  su l fu r  d iox ide  i s  accunulated a t  temperatures 
in  excess o f  500'C make s i l i c a l i t e  un ique ly  su i ted  f o r  cleanup o f  ho t  gases. 

As shown i n  F igure 4, a t  500°C, t h e  capac i t y  o f  s i l i c a l i t e  a c t u a l l y  increases by 
a factor  o f  about t w  when pressure i s  increased f r a n  one t o  ten  atmospheres. 
Previous s tud ies  i nd i ca ted  t h a t  s u l f u r  d iox ide  i s  adsorbed on s i 1  i c a l  i t e  as a 
l i q u i d  (8). The b e n e f i c i a l  e f fects  of pressure are cons is ten t  w i t h  l i q u e f a c -  
t i o n .  

As show i n  F igu re  5, c a p a c i t y  increases as SO, concentrat ion increases. 
With pure s u l f u r  d iox ide,  t h e  c a p a c i t y  i s  l i m i t e d  o n l y  by the  pore volune o f  the 
adsorbent. 
g rea t  p r a c t i c a l  s i g n i f i c a n c e  f o r  t he  d e s u l f u r i z a t i o n  o f  canbustion gases. Com- 
bus t i on  o f  h igh -su l fu r  coals, which would lead t o  higher s u l f u r  d i o x i d e  concen- 
t r a t i o n s  i n  gases, would not  r e q u i r e  p r o p o r t i o n a l l y  l a r g e r  d e s u l f u r i z a t i o n  
un i t s .  

The r a t e  o f  adsorption has been found t o  v a r y  from 6x10-4 cm3/gm-m t o  
22x10-4 an3/gn-m over the  cond i t i ons  studied. 
o f  molecular sieves. C r i t i c a l  bed depth requirements have been found t o  v a r y  
from <1 t o  4 an. This  i s  a consequence o f  t he  h igh  adsorpt ion ra tes .  Back 
pressures created b y  a 3-m bed depth w i l l  be 0.1 ps i .  
lower back pressures could be obta ined r e a d i l y  because the  requi red bed depth i s  
l e s s  than 0.04 m. 
moving massive volunes o f  gas created i n  combustion against even small  back 
pressures. 

Adsorption o f  Trace Cons t i t uen ts  - Work on t h e  adsorpt ion o f  t r a c e  c o n s t i t u e n t s  
o f  canbustion gases on s i l i c a l i t e  i s  i n  progress. 
because i r r e v e r s i b l e  adsorpt ion o f  even a t r a c e  c o n s t i t u e n t  o f  a canbust ion gas 
on s i l i c a l i t e  w u l d  lead t o  a long-term decrease i n  c a p a c i t y  a v a i l a b l e  f o r  su l -  
f u r  d iox ide  accunulat ion. No gases s tud ied p rev ious l y  are re ta ined  as wel l  as 
i s  s u l f u r  d iox ide .  Thus, no problens are an t i c ipa ted .  

Thus, t h e  mechanism f o r  adsorpt ion at h igh  temperature 
Even i n  the absence o f  a mechanism f o r  high-tem- 

For hot gas cleanup, adsorpt ion must a lso be e f f e c t i v e  a t  h igh pressures. 

The increase i n  capac i t y  w i t h  increas ing SO, concen t ra t i on  i s  o f  

High adsorpt ion r a t e s  are t y p i c a l  

This i s  low, b u t  even 

Back pressure i s  o f  great  importance because o f  t h e  cos t  o f  

l h i s  work i s  o f  importance 

I n - S i t u  Conversion o f  SO, t o  SO - Previous work (8) has show t h a t  s u l f u r  
d i o x i d e  can be conver ted- to  s u l t u r  t r i o x i d e  du r ing  adsorpt ion o r  deso rp t i on  on 
s i l i c a l i t e .  Condit ions f o r  conversion were not  def ined.  In t he  present work, 
convers ion has been observed o n l y  a t  temperatures i n  excess o f  650°C w i t h  s ta in -  
l e s s  s tee l  con ta ine rs  o r  i n  excess o f  8OO'C w i th  quar tz  conta iners.  
s tud ies  have not  jet c m e n c e d .  

Regeneration o f  S i l i c a l i t e  and Recovery o f  S u l f u r  D iox ide  - I n i t i a l  s tud ies  on 
t h e  regenerat ion o f  s i 1  i c a l i t e  i n d i c a t e  t h a t  thermal desorpt ion i n  an o x i d i z i n g  
atmosphere r e s u l t s  i n  recovery of capaci ty .  As show i n  F igu re  6, TGA s tud ies  
show t h a t  t he  temperature requ i red  f o r  desorpt ion o f  s u l f u r  d i o x i d e  i s  deter-  
mined b y  the tenperature a t  which i t  was adsorbed. This phenomena has not yet 
been explained. 

P r e l i m i n a r y  Economic Eva lua t i on  - Si1 i c a l i t e  i s  usable f o r  removing s u l f u r  
d i o x i d e  from hot canbustion gases and no o the r  v i a b l e  process e x i s t s ,  thus 
s i 1  i c a l i t e  adsorption i s  t h e  most economical process ava i l ab le .  S u f f i c i e n t  da ta  
a r e  no t  ye t  a v a i l a b l e  f o r  r i go rous  cos t  evaluat ions,  b u t  canparisons can be made 
w i t h  wet-lime processes used f o r  f l u e  gas d e s u l f u r i z a t i o n .  

De ta i l ed  

Capi ta l  cos ts  f o r  
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s i l i c a l i t e  adsorption are l i k e l y  t o  be much lower than f o r  l ime  processing. 
back pressure o f  s i l i c a l i t e  i s  l e s s  than one-tenth t h a t  from l ime  scrubbers 
which e l im ina tes  t h e  need f o r  blowers'. 
which e l im ina tes  the  need f o r  reheaters .  

The 

The gas i s  desu l fu r i zed  wi thout  coo l i ng  

Energy costs  f o r  s i l i c a l i t e  adsorption w i l l  be canparable o r  l e s s  than  
those f o r  l ime  scrubbers. Energy requ i red  f o r  blowers and gas rehea t ing  i s  
e l iminated,  b u t  energy i s  needed f o r  desorpt ion o f  s u l f u r  d iox ide .  For a w r s t -  
case scenario ( regenera t i on  a t  400'C above adsorpt ion temperature, no heat re- 
covery, l ow-su l fu r  coa l )  approximately 640,000 BTU w u l d  be requ i red  t o  regen- 
e ra te  s i1  i c a l  i t e  used t o  renove SO, from gases produced by one t o n  o f  c o a l .  
This w u l d  moun t  t o  l e s s  than 3% o f  t h e  energy input .  

S l u r r y  d isposal  c o s t s  associated w i th  wet-1 ime scrubbing are e l im ina ted  
w i t h  s i l i c a l i t e  adso rp t i on  and modest c r e d i t s  f o r  s u l f u r  d i o x i d e  sa les a re  ac- 
crued. Because d isposal  costs  are h i g h l y  s i t e  s p e c i f i c  and s u l f u r  d i o x i d e  
p r i c e s  a re  v o l a t i l e ,  t h e  magnitude o f  t h e  advantage f o r  s i l i c a l i t e  adsorpt ion 
cannot be evaluated f o r  general cases. 

b e  higher than f o r  l i m e  scrubbing. 
include t h e  cos t  o f  l ime ,  the  a v a i l a b i l i t y  o f  l imes,  and i n d i r e c t l y  t h e  cos ts  
associated w i th  l i m e  d i sposa l .  With s i l i c a l i t e ,  t he  predominant cos t  w i l l  be 
adsorbent a t t r i t i o n .  Previous s tud ies w i th  s i 1  i c a l  i t e  i n d i c a t e  a t t r i t i o n  r a t e s  
o f  f a r  l e s s  than 0.5% per adsorpt ion/ regenerat ion c y c l e  are ob ta inab le  (11). I n  
the present work, a t t r i t i o n  r a t e s  have not yet been determined. I f a t t r i t i o n  i s  
l e s s  than 0.1% per cyc le ,  adsorbent cos ts  w i l l  be comparable w i t h  the  cos t  o f  
1 ime. Determining l o w  a t t r i t i o n  r a t e s  r e q u i r e s  repeated, time-consuning work 
t h a t  i s  i n  progress. 

Adsorbent costs  f o r  s i l i c a l i t e  adsorption o r  s u l f u r  d i o x i d e  are l i k e l y  t o  
The cos ts  associated w i t h  l i m e  scrubbing 

CONCLUSIONS 

Wsorp t i on  o f  s u l f u r  d i o x i d e  on s i l i c a l i t e  molecular s ieve prov ides an e f -  
f e c t i v e  means f o r  removing s u l f u r  d i o x i d e  from hot combustion gases. P re l im i -  
na ry  data i nd i ca te  t h e  process w i l l  be econan ica l l y  v i a b l e .  Continued s tud ies  
t o  de f i ne  regenerat ion c o n d i t i o n s  p r e c i s e l y  and t o  determine adsorbent a t t r i t i o n  
r a t e s  are i n  progress. 

ACKNOWLEDGEMENTS 

Rnes Laboratory i s  operated fo r  t he  U. S. Department o f  Energy by Iowa 
State l h i v e r s i t y  under Contract W-7405-ENG-82. 
Assistant Secretary  f o r  Foss i l  Energy. O f f i c e  o f  D i r e c t  Coal U t i l i z a t i o n ,  
through the  Fbrgantown Energy Technology Center. 

The authors g r e a t l y  apprec iate t h e  support and advice provided by Richard 
Markuszewski, and the  ass is tance o f  James Po l l a rd  w i t h  t o t a l  s u l f u r  determina- 
t i ons ,  of Surender Kaushik wi th  TGA d e t e n i n a t i o n s ,  o f  Glenn Norton w i th  MID 
determinat ions,  and o f  Navid %ah w i t h  economic evaluat ions.  

This w r k  was supported b y  the  

REFERENCES 

(1) W. E. Moore, "Proceedings o f  t h e  5 t h  Annual Contractors  Meeting on Contani- 
nant Control i n  Coal-Derived Gas Streams," U. 5. Department o f  Energy, 
Morgantown, West V i rg in ia ,  May 1985, p. 1. 

508 



(2) C. J. Drunmond and D. F. Gprke ,  ' 'Fossil Fuels U t i l i z a t i o n  - Envirormental 
Concerns," ACS Synposiun Ser ies 319, Washington, D.C., p. 146 (1986). 

(3) D. A. Mart in  and F. E. Brant ley,  "Se lec t i ve  Pdsorption and Recovery o f  Sul- 
f u r  Dioxide from I n d u s t r i a l  Bases by k i n g  Synthet ic  Zeoli tes," U. 5. 
Bureau o f  Mines Report 6321 (1973). 

(4) D. Bienstock, J. H. F ie ld ,  and J. G. Myers, "Process Developnent i n  
Removing Sulfur Diox ide from tbt Flue Gas," U. S. Bureau o f  Mines Report 
5735 (1960). 

(5) J. 3. Col l ins,  L. L. Fornof f ,  K. D. Manchanda, W. C. M i l l e r  and D. C. 

(6)  E. M. Flanigan, J. M. Bennett, R. W. Grose, J. P. Cohen, R. L. Patton, 

(7) G. M. W. Shultz-Sibbel, C. D. Chr iswel l ,  D. T. Gjerde, J. S. F r i t z  and 

(8) C. D. Chr iswel l  and D. T. Gjerde Anal. Chem. 54 1911 (1982). 

L o v e l l ,  Chem. Eng. Pro. 70(6) 84 (1974). 

R. M. Kirchne, and J. V. W i t h ,  Nature 271(9) 512 (1978). 

W. E. Coleman, Talanta 29 447 (1982). 

(9) G. S. Bohart and E. Q. Mans J.A.C.S. 42 523 (1920). 

(10) R. S. Ramal ho, " I n t r o d u c t i o n  t o  Wastewater Treatment Processes." k a d e n i c  

(11) C. D. Chriswell  and H. R. Burkholder, unpublished data, 1981. 

Press, P k w  York, 1983. 

509 



Digital 
b r s t a l  Thermomctr 

Flow 
m t c r  

M u m  Stock 
Gar 

Figure 1. Schematic o f  apparatus used f o r  SO, adsorpt ion f r o n  hot ,  
high-pressure gases. 
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Figure 2. Typica l  breakthrough curve r e s u l t i n g  f r a n  SO, adsorpt ion 
on s i 1  i c a l i t e  molecular sieve. 
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Figure 3. Adsorption capac i ty  o f  s i l i c a l i t e  for  SO, as a funct ion o f  
ad sop pt i on temper a t  ur e .  
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Figure 4. Adsorption capacity o f  s i l i c a l i t e  f o r  SO, as a funct ion  
o f  ad sop p t  i on pressure. 
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Figure 5. Wsorpt ion  capac i ty  o f  s i l i c a l i t e  f o r  SO, as a funct ion o f  
SO, concentrat ion i n  i n f l u e n t  gas. 
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Figure 6. Thermogravimetric analysis and s i l i c a l i t e  adsorbents containing 
SO, adsorbed under i d e n t i f i e d  condit ions.  
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